18 The discus fish (Symphysodon aequifasciatus) is an ornamental fish that is well-known around the world.
Introduction 144 the hairpin RNA structures containing sequences were predicated from the flank 80 nt sequences using 145 RNAfold software (http://rna.tbi.univie.ac. at/cgi-bin/RNAfold.cgi).
146
Two computational target prediction algorithms (TargetScan and miRanda) were used to predict the 147 target genes of miRNA from blast matching against the S. aequifasciatus mRNA transcriptome sequence 148 of this study. miRanda was used to match the entire miRNA sequences. The TargetScan [30] parameters 149 were set as a context score percentile > 50. The miRanda parameters [31] were set as free energy < -10 150 kcal/mol and a score > 50. All miRNA targets were categorized into functional classes using the GO terms 151 and KEGG pathway. And the results predicted by the two algorithms were combined and the overlaps 152 were calculated.
153 Expression analysis of mRNAs and miRNAs 154 mRNA expression level between different mRNA transcriptome were measured by RPKM (reads per 155 kb per million reads) using RSEM software [32, 33] . All transcript sequences obtained by splicing in 156 Trinity were used as reference sequences. Each sample's Valid Data alignment was quantified to the 157 reference sequence. The main parameters were: no-mixed, no-discordant gbar 1000, and end-to-end-k200.
158 The mRNAs with log-fold difference ratios (log2Ratio) ≥ 1 and false discovery rate (FDR< 0.05) were 159 considered to be significantly differentially expressed. 160 miRNA differential expression based on normalized deep-sequencing counts was analysed by t-test. 161 Comparisons between testes and ovaries were made to identify significantly differentially expressed 162 miRNAs (|log2(fold change)|> 1 and P-value≤ 0.05). Data normalization followed the procedures as 163 described in a previous study [34] .
Quantitative real time PCR validation for miRNA and mRNA expression
165 To validate the RNA-Seq data, 8 mRNAs and 8 miRNAs were randomly selected from differentially 166 expressed mRNAs and miRNAs, and specific primers for mRNAs, miRNAs, 18S rRNA and 5S rRNA 167 ( Supplementary Table S1 ), were designed to quantify their expression levels between ovaries and testes 168 using Quantitative real time PCR (qRT-PCR). Total RNAs were reverse transcribed to cDNAs using M-169 MLV Reverse Transcriptase (Promega), with an equal amount of mixed reverse primer of the Oligo(dT) 18 170 (Takara) and random primer (hexadeoxyribonucleotide mixture; pd(N)6) (Takara) for the quantification 171 of mRNAs, and stem-loop RT primer ( Supplementary Table S1 ) for the quantification of miRNAs. 172 qRT-PCR was performed using PowerUp TM SYBR TM Green Master Mix (Thermo Fisher Scientific Inc., 173 IL, USA) on a CFX96 Touch TM Real-Time PCR Detection System (Bio-Rad, USA). The 18s rRNA that 174 was not differentially expressed between testes and ovaries, was used as an internal control for mRNA 175 expression levels, and the 5s rRNA without differential expression between testes and ovaries was used 176 as the internal control for the normalization of miRNA expression levels. qRT-PCR reactions of 20 μl 177 contained: 10.0μl SYBRTM Green Master Mix, 1.0μl forward primer and 1.0μl reverse primer, 1.0μl 178 cDNA, and 7.0μl DEPC H 2 O, and the amplification procedure was carried out at 95˚C for 2 min, 40 cycles 249 Validation of miRNA and mRNA expression using qRT-PCR 250 To verify the reliability and accuracy of the RNA-Seq results, we randomly selected 8 genes and 8 251 miRNAs to examine their expression levels between testis and ovary using qRT-PCR (Supplementary   252 Table S6 , Fig 5) . Expression results of genes indicated that Amh, Cyp11a1, Cyp17a1, Dmrt1, Dmrt2, Hira 253 and Hsd11b2 were more highly expressed in the testis, while Sox3 was more highly expressed in the 254 ovary. Expression analysis of miRNAs indicated that miR-196a, miR-26a-5p and miR-375-3p were up-255 regulated, and miR-129b-5p, miR-18a-5p, miR-30d-5p and let-7i-3p were down-regulated. The qRT-PCR 256 results for these 8 miRNAs and 8 mRNAs were similar to the RNA-Seq data.
257
Discussion 258 To date, there is no available information regarding the mRNA transcriptome and miRNA in S.
259 aequifasciatus. In this study, using a high-throughput sequencing approach, we performed RNA-Seq 260 analysis to study the expression of miRNAs and mRNAs in the gonads. The aim of the present work was 261 to identify differentially expressed mRNAs and miRNAs between testes and ovaries and to predict 262 miRNA possible targets, as well as to discover possible mechanisms responsible for sexual dimorphism 263 in gonads.
264
In this study, De novo assembly revealed 50,082 non-redundant genes in the gonad. Based on the 265 functional annotation of non-redundant genes, several sex-related metabolic pathways were summarized 266 from other species. The main metabolic pathways of steroid hormone biosynthesis and oocyte meiosis 267 were identified. Then, a total of 29,752 differentially expressed genes (DEGs) were identified between 268 the ovary and testis tissue, including 18,570 up-regulated genes and 11,182 down-regulated genes in the 269 testis compared with the ovary in the discus fish. Among these DEGs, some of the male-enhanced genes 270 included the following the genes. Dmrt1 (double-sex and mab-3-related transcription factor, which has 271 been demonstrated to be the duplicated homologs of the medaka (Oryzias latipes). The DMY gene [35], 272 which was first found as sex-determination gene in non-mammalian vertebrates, and has a conservative 273 role in sex determination and differentiation of vertebrates as an ancestral function. Dmrt2, which is more 274 likely to be involved in male gonadal development or maintenance of gonadal function in Chlamys nobilis 275 [36] . Cyp17a1, which is the qualitative regulator of steroidogenesis [37], , whose expression levels in the 276 testis was higher compared to the ovary, which indicates that CYP17a1 may be involved in testicular 277 formation during sex differentiation [38] . Amh, a male-specific gene, is derived from the Sertoli cells at 278 the initiation of testis differentiation, participates in steroidogenic pathway to produce testosterone, or 279 negatively controls oestrogen production [39] . Their expression levels were significantly higher in the 280 testis than in the ovary using the RNA-Seq and qRT-PCR methods, which indicates that they may play 281 key roles in regulating testis development in the discus fish.
282
Additionally, some of the female-enhanced genes were identified to be various ovary marker genes. 283 These include the following several genes. Sox3, which is highly conserved in fish sex differentiation 284 pathways [40] , plays a key role in regulating gametogenesis and gonad differentiation of vertebrates, and 285 previous studies have shown that it might have more important effect in oogenesis than in 286 spermatogenesis [41] . Cyp19a1, a Cytochrome P450 aromatase, that can catalyse the conversion of 287 androgens to oestrogens, and plays dual roles in regulating testicular development during the initial period 
295
We performed a comprehensive annotation and comparative analysis of miRNA using high-throughput 296 sequencing and bioinformatics methods, and identified 47 differentially expressed miRNAs between the 297 testis and the ovary in the discus fish, including 31 significantly up-regulated miRNAs and 16 298 significantly down-regulated miRNAs with testis compared to the ovary. In this study, the results from 299 miRNA RNA-Seq sequencing indicated that miR-7641, miR-205a, miR-181a-5p, miR-143-3p, miR-145-300 3p and miR-129-5p were differentially expressed between testis and ovary in the discus fish. miRNAs 301 play crucial roles in a variety of biological processes via regulating expression of their target genes at the 302 mRNA level. There is increasing evidence that miRNAs play an important role in regulating biological 303 process, while miRNAs targeting mRNA is a key part of understanding their role in gene regulation 304 networks [46, 47] . In this study, 41 miRNA-mRNA interaction pairs were identified with 15 DEGs mRNA 305 targeted by 24 differentially expressed miRNAs. 306 miRNAs play crucial roles in a variety of biological processes via regulating expression of their target 307 genes at the mRNA level. The miRNA-mRNA interaction pair with miRNA targeting mRNA is a key 308 part of understanding miRNA function. In this study, 41 miRNA-mRNA interaction pairs were identified 309 with 15 differentially expressed genes targeted by 24 differentially expressed miRNAs using miRNA 310 target prediction method. In these pairs, miR-2187-3p, miR-24-3p, miR-181a, miR-181-5p, miR-101a, 311 miR-218-5p, miR-217 and miR-7133 can target Hsd11β2, which is involved in the steroid hormone 312 biosynthesis pathway, indicating that these miRNAs might play an important role in regulating steroid 313 hormone biosynthesis; miR-181a can also target Hsd17β10, which is involved in the steroid hormone 314 biosynthesis pathway, and both were down-regulated in testes, indicating that miR-181a might exert 315 different functions on regulating steroid hormone biosynthesis between ovaries and testes. Otherwise, 316 previous studies showed that Dmrt1 was predominantly expressed in spermatogonia, spermatocytes and 317 spermatids, as well as in Sertoli cells, indicating that Dmrt1 plays an important role in spermatogenesis 318 in Halobatrachus didactylus [48] . In the discus fish, Dmrt1 was mainly expressed in the testes, while 319 weakly in the ovaries, and the Dmrt1 gene was targeted by miR-129-5p, miR-27b-3p, miR-27e, miR-152, 320 miR-27b-3p, miR-17-3p and miR-460 in our miRNA target prediction data, which indicates that these 321 might be involved in regulating spermatogenesis and testis development of the discus fish. Additionally, 322 miR-129-5p was highly expressed in the ovary, weakly expressed in the testis, and could target Dmrt1, 323 GHR (growth hormone receptor) and RERG (ras-related and oestrogen-regulated growth inhibitor), 324 indicating that miR-129-5p might play important roles in regulating growth development and 325 physiological function of the ovary in the discus fish. Previous studies have shown that zp3 is found on 326 the extracellular matrix of oocytes and acts as a receptor for mammalian sperm binding. In this study, we 327 found that zp3 can be targeted by miR-7641 and miR-205a in the miRNAs target prediction data, and 328 miR-7641 and miR-205a were lowly expressed in the ovaries of the discus fish, while highly in the testes, 329 which indicating that lower expression of the two miRNAs in the ovaries might be necessary for 330 expression of the zp3 gene, playing an important role in regulating the biological process of the ovary 331 binding sperm. Therefore, in the discus fish, miRNAs can play important roles in regulating steroid 332 hormone synthesis, gonadal physiological function and sex development by regulating their target genes. 333 However, the real function of these miRNAs needs to be confirmed in the gonad of the discus fish in the 334 further studies.
335
In summary, the discus fish (S. aequifasciatus) is one of the most beautiful ornamental fish species with 336 brilliant colours and pretty disc-shaped body. However, there are hardly any differences between male 337 and female fish. In our study, we found some differentially expressed genes and miRNAs between the 338 ovary and testis, and predicted target relations between genes and miRNAs using miRNA target prediction 339 methods, and these differentially expressed genes and miRNAs were involved in regulating gonadal 340 development, gametogenesis, physiological function of ovary and testis. These results can help us further 341 understand the mechanism of gonad development between female and male discus fish and provide data 342 for further study of the sex development of the discus fish in the future.
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